Vertebrate classical cadherins mediate selective calcium-dependent cell adhesion by mechanisms now understood at the atomic level. However, structures and adhesion mechanisms of cadherins from invertebrates, which are highly divergent yet function in similar roles, remain unknown. Here we present crystal structures of three-and four-tandem extracellular cadherin (EC) domain segments from Drosophila N-cadherin (DN-cadherin), each including the predicted N-terminal EC1 domain (denoted EC1') of the mature protein. While the linker regions for the EC1'-EC2' and EC3'-EC4' pairs display binding of three Ca 2 ions similar to that of vertebrate cadherins, domains EC2' and EC3' are joined in a "kinked" orientation by a previously uncharacterized Ca 2 -free linker. Biophysical analysis demonstrates that a construct containing the predicted N-terminal nine EC domains of DN-cadherin forms homodimers with affinity similar to vertebrate classical cadherins, whereas deleting the ninth EC domain ablates dimerization. These results suggest that, unlike their vertebrate counterparts, invertebrate cadherins may utilize multiple EC domains to form intercellular adhesive bonds. Sequence analysis reveals that similar Ca 2 -free linkers are widely distributed in the ectodomains of both vertebrate and invertebrate cadherins.
C ell-cell adhesion is a distinguishing feature of metazoan species essential to the development and maintenance of solid tissues (1) . In vertebrates, calcium-dependent cell adhesion is mediated primarily by members of the cadherin superfamily (2) . Cadherins are defined as proteins containing "extracellular cadherin" (EC) domains (3) (4) (5) (6) , protein modules of ∼110 amino acids, which adopt a β-sandwich fold with a Greek key topology similar to that of immunoglobulin (Ig) domains. The best characterized cadherins are vertebrate classical cadherins, a family of proteins which share similar domain structures, each consisting of an ectodomain with five tandem EC domains, a single transmembrane region, and a conserved cytoplasmic tail (7) . The connections between each set of successive EC domains are rigidified by the stereotyped binding of three Ca 2þ ions (8, 9) . Classical cadherins have been shown to function in intercellular adhesion by binding through their ectodomains, which are in turn linked to the actin cytoskeleton through associations of the cytoplasmic domains with catenin adaptor proteins (reviewed in ref. 10 and 11) .
The cadherin superfamily is also broadly represented in invertebrates. Analysis of the Drosophila genome has revealed 17 genes that encode proteins containing EC-like domains (12) . Three of these molecules, DN-cadherin encoded by CadN, DEcadherin encoded by Shg, and DN-cad2 encoded by CadN2, which appears likely to be a partial duplication product of the CadN gene, contain catenin binding sites in their cytoplasmic regions, and have been shown to interact with the Drosophila β-catenin homolog armadillo (12) (13) (14) . DN-and DE-cadherins serve cell adhesion and tissue patterning functions analogous to their vertebrate counterparts (13, 14) . Also, like vertebrate classical cadherins, overexpression of DN-cadherin or DE-cadherin in otherwise nonadhesive cells induces Ca 2þ -dependent cell aggregation (13, 15) . Although DN-and DE-cadherins perform biological roles roughly orthologous to those assumed by classical cadherins in vertebrate species, their ectodomains differ markedly from their vertebrate counterparts both in size and sequence features. Compared to vertebrate counterparts, DN-and DEcadherins include a larger number of EC domains, some of which are highly diverged from vertebrate counterparts, and a membrane-proximal region consisting of EGF-like and laminin G domains. While the precise number of EC domains in DN-cadherin is not known with certainty because various prediction methods currently available identify different numbers ranging from 9 to 16, it is unclear how as many as 16 EC domains per cadherin could be arranged at intercellular junctions, because intercellular distances in both vertebrate and invertebrate tissues are similar (20-30 nm) (16, 17) and can be spanned by only five EC domains per molecule in vertebrate species.
Here we report crystal structures of DN-cadherin ectodomain regions corresponding to the predicted N-terminal four EC domains in the mature protein. While the linker regions between domains 1 and 2 and domains 3 and 4 display binding of three Ca 2þ ions similar to that of vertebrate cadherins, domains 2 and 3 are joined in a "kinked" orientation by a Ca 2þ -free linker previously uncharacterized in cadherins. The orientations of domains 2 and 3 defined by this Ca 2þ -free interdomain linker are similar in all three crystal structures. The DN-cadherin fragments containing the predicted N-terminal four EC domains are monomeric both in crystals and in solution, whereas a larger construct that includes the N-terminal nine EC domains forms homodimers with a dissociation constant of ∼0.35 μM. These data, taken together, suggest that in contrast to vertebrate classical and T-cadherins, DN-cadherin and related cadherins function in intercellular adhesion through binding interfaces that are not localized to their distal N-termini. Rather, it is more likely that DN-cadherin and related cadherins form a globular structure with adhesive interfaces involving several EC domains, perhaps thematically similar to the arrangement of multiple Ig domains required for Dscam binding (18) . Finally, based on the unique Ca 2þ -free interdomain linkage found in the DN-cadherin crystal structures, we present bioinformatic analyses of the entire cadherin superfamily that reveal the widespread presence of similar Ca 2þ -free linkers between successive EC domains in a large number of cadherins.
Results DN-Cadherin EC Domains and N Terminus. Prior to this work, the number of EC domains and domain boundaries for DN-cadherin have not been known with certainty, as sequence analyses have predicted a composition of 9 to 16 EC domains and different boundaries for each domain (Fig. S1) . Moreover, the precise N terminus of the mature DN-cadherin has not been determined experimentally.
To determine the precise N terminus of the mature ectodomain as well as the EC domain boundaries of DN-cadherin, we first used the XPXF/W motif, a marker of the beginning of an EC domain (5) , to divide the sequence of the extracellular region of DN-cadherin. Using this approach, we identified 19 segments of approximately 110 amino acids that can be considered as putative EC domains in the extracellular region of DN-cadherin. We next used PSI-BLAST to search for a set of DN-cadherin related proteins that include ectodomains of similar length with at least 60% sequence identity and a cytoplasmic region with a consensus β-catenin interaction motif. Within this set of DN-cadherin homologs, the first three EC domains have on average 35% sequence identity between corresponding EC domains, whereas for the following EC domains, the pair wise identity between corresponding domains is about 60% or higher (Fig. S2) . Furin-like protease prediction algorithms implemented in Predict Protein (19) and Signal Pro P (20) place a prodomain cleavage site just C-terminal to the third putative EC domain in all of these related molecules. The observed pattern that the sequence identity is low (<35%) N-terminal, and high (>60%) C-terminal, to this predicted site is consistent with the patterns of sequence conservation found for vertebrate cadherins, and gives confidence that this site demarcates the connection between the prodomain and mature ectodomain in DN-cadherin. We thus designated DNcadherin EC domains following the furin site EC1' to EC16', with the N-terminal boundary of EC1' corresponding to the putative furin recognition site at position 434. The EC domains identified in the region preceding the cleavage site were assigned negative number identifiers (EC-3', EC-2', and EC-1') to indicate their likely absence from the mature protein. The hypothesis that DN-cadherin proprotein is cleaved by a subtilisin-like convertase is supported by the work of Iwai and colleagues, which identified two distinct DN-cadherin species in the lysates of embryos and S2 cells transfected with a DN-cadherin encoding cDNA construct (14) . The approximate molecular mass of the dominant species is 300 kD, consistent with the calculated mass of DN-cadherin regions C-terminal to the predicted furin cleavage site, while the second species is approximately 330 kD, consistent with the molecular mass of the uncleaved form (14) .
Structures of DN-Cadherin Ectodomain Regions Reveal a Unique Architecture. To gain insight into the structural basis for DN-cadherin adhesive functions, we sought to obtain structures of DN-cadherin ectodomain regions. We initially focused on ectodomain fragments containing the four predicted N-terminal EC domains in the mature protein, partly because prior structural and functional studies on vertebrate classical-and T-cadherins showed that cell adhesion is mediated through the N-terminal EC domains (8, 9, (21) (22) (23) . We determined crystal structures of two DN-cadherin ectodomain fragments: one comprising domains EC1'-EC3' in two crystal forms (I and II), both to 2.5 Å resolution, and the other comprising domains EC1'-EC4' to 2.7 Å resolution. The structure of DN-cadherin EC1'-EC3' in crystal form I was solved by the single-wavelength anomalous diffraction method using anomalous signal from zinc (Fig. S3A) , and was used as the search model to determine the remaining two structures by molecular replacement. Data and refinement statistics are listed in Table S1 .
The overall architecture of DN-cadherin EC1'-EC4' fragment does not resemble any of the previously determined structures of vertebrate cadherin ectodomains, which adopt an elongated curved structure (8, 9) (Fig. 1) . Instead, DN-cadherin EC1'-EC4' fragment adopts a V-shaped structure imparted by a prominent "kink" between domains EC2' and EC3' with a ∼80°angle between the long axes of these two domains. In all three structures, each EC domain presents a seven-stranded β-sandwich fold with a Greek key topology seen in other structures of cadherin ectodomain fragments published to date (Fig. 1A) . The linker regions between the EC1' and EC2' domains, and that between the EC3' and EC4' domain pairs contain three calcium ions bound in a way similar to that seen in classical cadherins ( Fig. 1 A and B) : Specifically, the three calcium ions are coordinated by a DXNDX (Asp-X-Asn-Asp-X) linker between the two successive EC domains, a DR/YE motif and a single glutamate (E) residue contributed from the prelinker domain, a DXD (Asp-X-Asp) motif and a single aspartate (D) residue contributed from the postlinker domain. The EC1'-EC2' interdomain linkage in the EC1'-EC3' structure determined in crystal form I is an exception in that the conserved calcium coordination patterns were disrupted by zinc ions present at an excessive concentration in the crystallization solution (Fig. S3A) . As a result, the EC1'-EC2' interdomain loop is rearranged such that EC1' is rotated almost 180°a long the long axis of EC2' relative to the other two structures (Fig. S3B) . Notably, domains EC2' and EC3' are connected by a short Gly-Gly loop instead of a linker with bound Ca 2þ ions, which joins most other successive EC domain pairs characterized to date. The EC2'-EC3' interdomain interface facilitated by this unique Ca 2þ -free linker is very similar in all three structures ( Fig. 2A) , despite their presentation in distinct crystal lattices and large variations in crystallization conditions. Indeed, the kink between domains EC2' and EC3' is so rigid that the EC2'-EC3' fragments from all four distinct chains (one in EC1'-EC3' crystal form I, two in EC1'-EC3' crystal form II, and one in EC1'-EC4') can be superposed with pair wise root mean square deviation (rmsd) values of 1.1 Å or less for all 210 Cα atoms. This interdomain interface buries a surface area of 994 Å 2 , and is formed mainly by the A-strand, the Pro109-Leu110-Pro111 bulge immediately N-terminal to the A-strand, a portion of the G-strand from the EC2' domain, and the loop region preceding the A-strand from the EC3' domain (Fig. 2B ). Interactions at this interface are mostly van der Waals contacts and nonsequence specific hydrogen bonds with main chain carbonyl oxygens, except for one salt bridge interaction between Arg209 from EC3' and Ser 203 from EC2' (Fig. 2B) . Although the DN-cadherin EC2'-EC3' interdomain interface, which is similar in all three crystal structures reported here, may represent a stable interface, we cannot exclude the possibility that the linker region could be flexible and the two domains may adopt different orientations under other conditions.
DN-Cadherin Ectodomain Requires Multiple EC Domains for Adhesive
Dimerization. No distinct dimer interfaces were observed between molecules related by either crystallographic or noncrystallographic symmetry in the three crystal structures we report here. Consistent with the absence of sequence features required for strand-swap dimerization in vertebrate classical cadherins (5, 24) , the DN-cadherin EC1' domain does not engage in strand-swap dimerization with its N-terminal strand entirely integrated into the main body of its own protomer. In agreement with the crystallographic observations, our sedimentation equilibrium analytical ultracentrifugation (AUC) results show that both EC1'-EC3' and EC1'-EC4' fragments are monomers in solution, either in the presence or absence of calcium (Table 1) .
To determine the ectodomain regions responsible for adhesive functions of DN-cadherin, we produced a series of domain deletion constructs and carried out binding analysis using sedimentation equilibrium AUC. Our AUC measurements show that an ectodomain construct comprising the predicted EC1'-EC10' domains forms a tight dimer in the presence of Ca 2þ with low micromolar dimerization affinity (Table 1) . A shorter construct containing EC1'-EC9' domains also forms a tight dimer. However, deleting the EC9' domain leads to a monomer (Table 1) , in agreement with results from cell aggregation studies reported by Yonekura, et al., which demonstrated that the highly related DN-cad2, which aligns with the C-terminal region of DN-cadherin, but contains nine fewer EC domains at the N terminus, cannot induce cell aggregation in vitro (25) . On the other hand, a DNcadherin construct containing EC2'-EC9' domains appears to form soluble aggregates in AUC experiments.
Taken together, these results suggest that DN-cadherin requires EC1'-EC9' domains for adhesive dimerization, in clear contrast to vertebrate classical cadherins, which trans-dimerize through an interface entirely confined to the EC1 domain, or T-cadherin, which uses both EC1 and EC2 domains for adhesive dimerization. Consistently, the sequence determinants of the strand-swapped interface of vertebrate classical cadherins and the X-interface of vertebrate T-cadherin are absent in the DNcadherin EC1' and EC2' domains.
Sequence Analysis Reveals the Widespread Presence of Ca 2þ -Free Linkers in the Cadherin Superfamily. It is apparent from the sequence alignment of all DN-cadherin EC domains (Fig. 3) that the Ca 2þ -free linker between EC2' and EC3' is correlated with the absence of most of the calcium-binding motifs. Specifically, the interdomain DXNDX motif, the E and DR/YE motifs in EC2', and the DXD motif in EC3' are all missing. Notably, the same combination of Ca 2þ -binding motifs is missing in all of the DNcadherin homologs identified in other arthropods (26) (Fig. S4) , suggesting the functional importance of these missing motifs.
To determine whether the Ca 2þ -free linker found in DN-cadherin is common to other cadherins, we searched the entire cadherin superfamily for similar instances. For each of the 20,310 pairs of consecutive EC domains we determined whether the combination of Ca 2þ -binding motifs corresponding to the inter- Table S2 for the contribution from the different Ca 2þ -binding motifs to each Ca 2þ -binding site). Among the 20,310 interdomain linkers, we found 2,504 linkers distributed in 936 proteins with different combinations of missing Ca 2þ -binding residues. The analysis of the domains directly preceding and following these 2,504 linkers did not reveal any sequence commonalities other than the missing Ca 2þ -binding motifs. In particular, the residues that constitute the EC2'-EC3' interface of DN-cadherin are not conserved in Ca 2þ -free linkers of different cadherins. Furthermore, because no residues with oxygen-or nitrogen-containing side chains that would normally coordinate metal ions are conserved in position for the Ca 2þ -free linkers, it seems unlikely that these linkers bind an ion other than calcium under physiological conditions.
In contrast to the DN-cadherin EC2'-EC3' linker where almost all of the Ca 2þ -binding motifs are absent, we found many instances where only some of the motifs are missing. Among the 2,504 linkers with missing Ca 2þ -binding motifs, we found 366 cases where the missing Ca 2þ -binding residues mostly correspond to one Ca 2þ site and the remaining residues may be sufficient to coordinate the two other Ca 2þ ions. Whether this sequence based definition of partial Ca 2þ -free linkers indeed corresponds to distinct linker structures where only one or two Ca 2þ ions are bound, however, remains to be determined. Of note, in addition to the EC2'-EC3' Ca 2þ -free linker revealed by our crystal structures, DN-cadherin contains a second linker with missing Ca 2þ -binding sites between EC7' and EC8'. Because the missing motifs in this linker mostly correspond to residues that coordinate one of the three Ca 2þ ions (Fig. 3) , we categorized it as a partial Ca 2þ -free linker. Importantly, the same combination of missing motifs is also conserved in the EC7'-EC8' regions of the related arthropod N-cadherins (Fig. S4) . However, as observed in the domains flanking Ca 2þ -free linkers, no other sequence feature, apart from the missing Ca 2þ -binding residues, appears to distinguish these domains from regular domains.
DE-cadherin and DN-cad2 are closely related to DN-cadherin, and contain eight and seven EC domains in the mature proteins, respectively. In fact, the sequence identity between EC domains of DN-cadherin and those of either DE-cadherin or DN-cad2 and their homologs in other arthropods suggests that DE-cadherin and DN-cad2 are evolutionarily related to different parts of the DN-cadherin ectodomain: the first six EC domains of DE-cadherin correspond to the EC6'-EC11' fragment in DN-cadherin, and the seven EC domains of DN-cad2 correspond to the EC10'-EC16' fragment of DN-cadherin (Fig. 4) . Because the CadN2 gene is likely the product of a partial gene duplication of the CadN gene (12) , the homology between DN-cad2 and DN-cadherin EC10'-EC16' correlates with that between the gene structures. On the other hand, the gene structure of Shotgun is not homologous to that of CadN, and DE-cadherin may have evolved from a different origin. Our analysis shows that while DE-cadherin, which dimerizes homophilically (13), contains a Ca 2þ -free linker between EC2 and EC3, DN-cad2, which does not aggregate cells (25) , has none. Remarkably, the pattern of Ca 2þ -free linkers in the evolutionarily related fragments is well conserved: the putative partial Ca 2þ -free linker between EC7' and EC8' of DNcadherin corresponds to the Ca 2þ -free linker between EC2 and EC3 of DE-cadherin; DN-cad2 preserves all of the Ca 2þ -binding linkers as does the DN-cadherin EC10'-EC16' fragment (Fig. 4) .
The mapping of the Ca 2þ -free and partial Ca 2þ -free linkers for the major cadherin subfamilies is presented in Fig. 5 . While we did not find any missing Ca 2þ -binding sites in the shorter members of the cadherin superfamily such as type I and type II classical cadherins, desmocollins, desmogleins, and protocadherins, we found many instances of Ca 2þ -free and partial Ca 2þ -free linkers in nonclassical cadherins containing a large number of EC domains, including DN-and DE-related cadherins, Fat, Dachsous, and Flamingo/CELSR cadherins. Furthermore, we observed that within a given subfamily, the distribution and pattern of the linker types are generally conserved across species. Remarkably, these Ca 2þ -free linkers are also present in the majority of the choanoflagellate Monosiga brevicollis (M. brevicollis) cadherins (27) (Table S3 ). Of note, the largest M. brevicollis cadherin, MBCDH18 (27) with 58 EC domains, contains as many as 19 Ca 2þ -free linkers (Fig. 5) . On the whole superfamily scale, the larger the cadherins, the more Ca 2þ -free and partial Ca 2þ -free linkers they contain (Fig. 6A) . Ca 2þ -free and partial Ca 2þ -free linkers mostly appear in cadherins containing more than six EC domains, and we observe three or more of these new linkers only in cadherins with 15 EC domains or more. As shown in Fig. 6B for the whole cadherin superfamily, the majority (93%) of consecutive segments uninterrupted by a Ca 2þ -free or a partial Ca 2þ -free linker contain six EC domains or less. Fig. 3 . Structure based sequence alignment of type I and type II classical cadherin domains with DN-cadherin domains. Secondary structure elements are indicated above the alignment. Red boxes above the alignment denote the five canonical Ca 2þ -binding motifs or residues, and the red arrow on top of each box indicates which of the two interdomain Ca 2þ -binding sites the motif belongs to. Conserved Ca 2þ -binding residues are highlighted in red; D/E to N substitutions are highlighted in yellow; the black boxes indicate the missing Ca 2þ -binding elements. The highly conserved XPXF/W motif that marks the beginning of each EC domain is highlighted in blue. Conserved hydrophobic residues that constitute the core of the EC domains are represented in blue.
Discussion
Although the molecular mechanisms of vertebrate classical cadherin mediated cell adhesion have been understood at the atomic level for some time (28), little is known about the structures and adhesion mechanisms of the vast majority of cadherins including invertebrate cadherins. The structural and biophysical results presented here provide important understanding of the ectodomain architecture of DN-cadherin and suggests a unique adhesive mechanism. Our bioinformatic analysis shows that Ca 2þ -free linkers similar to the one between domains EC2' and EC3' of DNcadherin revealed by our crystal structures are likely to be present in a large number of nonclassical cadherins and may play important structural roles in adhesive functions of these cadherins.
DN-Cadherin Ectodomain Architecture Suggests a Unique Adhesive
Mechanism. The structures of DN-cadherin ectodomain fragments we report here reveal a V-shaped architecture, in clear contrast to the elongated curved structure of vertebrate classical cadherins (8, 9) . The "V" shape of DN-cadherin EC1'-EC4' is imparted by a kink between domains EC2' and EC3' that are connected by a unique Ca 2þ -free linker, and is thematically similar to the U-shaped structure of Ig1-Ig4 fragments from several members of the immunoglobulin cell adhesion molecule (IgCAM) family, including hemolin, axonin, Dscam, and neurofascin (18, (29) (30) (31) . In these IgCAMs, the first four Ig domains form a U-shaped structure with significant intramolecular contacts between Ig1 and Ig4 domains that bury ∼1;400 Å 2 of surface area. By contrast, DN-cadherin forms a V-shaped structure, as the Ca 2þ -bound EC1'-EC2' and EC3'-EC4' interdomain regions orient domains EC1' and EC4' such that they do not make any intramolecular interdomain contacts. In vertebrate classical cadherins and T-cadherin, calcium-binding interdomain linkers are critical structural elements that determine interdomain orientation and facilitate strand swapping and X-dimer formation (8, 9, 21) . The unique Ca 2þ -free linker seen between the EC2' and EC3' domains in all three structures presented here provides new clues about the ectodomain architecture of DN-cadherin and other related molecules. The similarity of the EC2'-EC3' interdomain interface facilitated by this Ca 2þ -free linker in all three structures suggests that it may be a stable structural feature required for the proper tertiary folding and adhesive functions of DN-cadherin.
The results from our AUC measurements suggest that the DN-cadherin EC1'-EC9' region includes the adhesive interface, in agreement with results from a previous study, which demonstrated that DN-cad2, a highly related but truncated protein with nine fewer EC domains at the N terminus, is not required for R7 target selection and cannot induce cell aggregation in vitro (25) . The observation that a larger ectodomain region with a greater number of EC domains is required for DN-cadherin dimerization than is evident for vertebrate classical cadherins, along with our structural data, suggest that the adhesive mechanism utilized by DN-cadherin is likely to be completely different from that of vertebrate classical cadherins, which bridge the intercellular space by an elongated arrangement of EC repeats (8, 9) . Our structures reveal and AUC measurements support that the EC1' domain of DN-cadherin does not engage in strand-swap dimerization, however, we cannot exclude the possibility that domains EC8' and EC9' might use an interface similar to the X-dimer adhesive interface of vertebrate T-cadherin (21) .
Our sequence analysis reveals that the apparently adhesive EC1'-EC9' fragment of DN-cadherin also contains a second putative partial Ca 2þ -free linker between domains EC7' and EC8', and may therefore mediate intercellular adhesion through a more globular structure reminiscent of Dscams. Dscams, which require domains Ig1-Ig7 for homophilic binding, contain two interdomain "bends": one between domains Ig2 and Ig3, and the other between domains Ig5 and Ig6 (18) . These two bends enable Dscams to adopt an S-shaped structure, which presents a fixed binding surface comprised of three variable domains, Ig2, Ig3, and Ig7. This conformation is thought to allow each pair of the three variable domains to match in an antiparallel fashion to confer homophilic binding specificity to each of the 19,008 possible Dscam isoforms with different ectodomains. Whether DN-cadherin also uses a similar surface comprised of multiple EC domains for adhesive interactions remains to be investigated. Interestingly, the CadN gene contains three mutually exclusive exons (MEs) to produce 12 possible alternatively spliced variants (15, 32) . Alternative splicing at one of these three MEs generates two isoforms with different amino acid compositions in a region encompassing the EC7'-EC8' interdomain linker (32) . We note that this variable region corresponds to a region within the EC2'-EC3' segment that constitutes the EC2'-EC3' interface observed in our crystal structures (Figs. 2 and 3 ). An intriguing possibility arises that, by analogy to the EC2'-EC3' interface, the predicted partial Ca 2þ -free linker between domains EC7' and EC8' generates different EC7'-EC8' interfaces in different splice isoforms. Thus, each isoform can adopt distinct ectodomain architecture and exhibit differential homophilic binding properties. Understanding of the detailed molecular basis for DN-cadherin homophilic binding, however, must await structural and functional studies of larger regions of ectodomains in different isoforms.
As described above, our sequence analysis shows that the N-terminal six EC domains of DE-cadherin, corresponding to its minimal binding fragment in cell aggregation assays (33) , are evolutionarily related to a region that overlaps with the binding fragment of DN-cadherin and conserves the partial Ca 2þ -free linker present in that fragment (Fig. 4) . While it seems unlikely that DN-and DE-cadherins dimerize through the same mechanism given their different sizes and numbers of Ca 2þ -free linkers, our study suggests that Ca 2þ -free linkers may play an important and similar role in adhesive binding by these cadherins. Future struc- tural and functional studies will be required to elucidate the detailed molecular mechanisms for homophilic binding by these cadherins.
Ca 2þ -Free Linkers may Represent Functionally Important Structural
Elements in a Large Number of Cadherin Ectodomains. To date, cadherin ectodomains have mostly been perceived as extended, rigid structures, as they appear to be in vertebrate classical cadherins. The present study shows that Ca 2þ -free linkers are present in many cadherin families such as Fat, Dachsous, Flamingo, DNand DE-cadherins, and can impart complex ectodomain architectures to these proteins. While it is not clear whether the Ca 2þ -free and partial Ca 2þ -free linkers correspond to stable bends or points of higher flexibility in all of these cases, they are likely to interrupt the rigid linear arrangements of cadherin ectodomains and enable them to fold into more globular structures. The specific combination and placement of these Ca 2þ -free and partial Ca 2þ -free linkers, highly conserved across species, could allow these large cadherins to fold into a specific, more globular shape. Moreover, because there appears to be no conserved feature other than the absence of Ca 2þ -binding motifs among the domains flanking the Ca 2þ -free linkers, it is possible that different Ca 2þ -free linkers might adopt different conformations suited for the assumed functions of different cadherins. That the vast majority (more than 90%) of the stretches of consecutive EC domains connected by full Ca 2þ -binding linkers contain six or fewer EC domains (Fig. 6) suggests that nonclassical cadherins containing Ca 2þ -free linkers have a molecular architecture involving extended structural regions seen in vertebrate classical cadherins that may fold back on each other in still undetermined ways. Notably, among the few exceptions (less than 1% of the stretches containing 10 EC domains or more), we found cadherin-23, whose 27 EC domains remain "uninterrupted" by missing or partial Ca 2þ -binding sites. In good agreement with our hypothesis, this cadherin does not function in a regular intercellular space, but instead associates with protocadherin-15 (11 EC domains) to form the tip link of the inner ear's stereocilia (34) , where a large distance (150 to 200 nm) must be spanned by extended conformations of both cadherins.
Of note, the choanoflagellate M. brevicollis genome contains 23 cadherin genes (27) . Among the 19 M. brevicollis cadherins that contain two or more EC domains, 13 are predicted to contain Ca 2þ -free linkers (Table S3 ). The widespread presence of Ca 2þ -free linkers in a premetazoan species suggests that the earliest function of cadherins, for example, potentially in binding bacterial prey for recognition or capture, may have required structural complexities imparted by these Ca 2þ -free interdomain linkages. Future studies will be required to characterize the specific structural and functional roles of Ca 2þ -free linkers in cadherins, and to link the patterns of different linker types to the specific functions of individual cadherins.
Materials and Methods
Expression and Purification of Recombinant DN-Cadherin Proteins. The EC1'-EC3' construct (residues 439-753) and EC1'-EC4' construct (residues 434-851) were subcloned into the pSMT 3 vector (Invitrogen) to produce the N-terminal His-tagged SUMO fusion. Overexpression in E. coli was induced with IPTG. Cells were sonicated in lysis buffer (20 mM Tris pH 8.0, 150 mM NaCl, 4 mM CaCl 2 , 100 ng∕mL Leupeptin, and 1 mM PMSF) followed by centrifugation at 25;000 × g for 1.5 h at 4°C. The resulting supernatant was then applied to Ni 2þ -charged agarose resin (Qiagen), and washed extensively with lysis buffer. Subsequently, ULP1 was applied to the protein-bound resin to a concentration of 0.1 mg∕mL. The mixture was then incubated at 4°C overnight with stirring. DN-cadherin proteins were then washed off the SUMO-bound resin in small volumes of lysis buffer and then dialyzed into a low salt (50 mM NaCl) buffer and passed over a MonoQ10/100 column (GE Healthcare). The flow-through was pooled, concentrated, and applied to a Superdex 75 column (GE Healthcare).
DN-cadherin EC1'-EC10', EC1'-EC9', EC1'-EC8', and EC2'-EC9' proteins were heterologously expressed in N-acetylglucosaminyltransferase I (GnTI)-deficient HEK293 cell lines as secreted proteins with a PTPα signal sequence and N-terminal hexahistidine tag. Conditioned media were harvested two days after transient transfection using Polyethylenimine buffered to pH 8.0 with Tris, and brought to high salt concentration before application to sepharose resin (GE Healthcare) charged with nickel sulfate. The histidinetagged protein was eluted with imidazole in the following buffer: 10 mM Tris pH 8.0, 500 mM NaCl, 4 mM CaCl 2 . Digestion with Precission protease (GE Healthcare) was then followed by further purification on a MonoQ 10/100 global column (GE Healthcare) and Superdex 200 column (GE Healthcare).
Crystallization, Data Collection, and Structure Determination. Initial factorialbased crystallization screens were conducted using a Mosquito robotic crystallization system (TTPlabtech) using 0.2 μL drop volumes to screen numerous commercially prepared crystallization reagents. DN-cadherin EC1'-EC3' crystallized in two major forms. The first crystal form was optimized in 4% isopropanol, 0.1M zinc acetate, 0.1M sodium cacodylate, pH 6.5. These crystals belong to space group P6 2 All X-ray diffraction data were collected on single crystals at 100 K at the X4A and X4C beamlines of the National Synchrotron Light Source, Brookhaven National Laboratory. Data were processed using the HKL package (35) . The structure of a DN-cadherin EC1'-EC3' construct in crystal form I (space group P6 2 22) was determined by single-wavelength anomalous diffraction method. Experimental phases were obtained using zinc sites located with the program SOLVE (36) . Initial experimental phases were improved by solvent flattening using RESOLVE (36) . The resultant density-modified experimental map was used to manually build the model using COOT (37) , and iterative refinement was carried out using CNS (38) . The structures of EC1'-EC3' in crystal form II (space group C2) and EC1'-EC4' were solved by molecular replacement with PHASER (39) using the structure of EC1'-EC3' in crystal form I as the search model. Manual rebuilding was done with COOT (37), and refinement was performed using REFMAC (40) implemented in the CCP4 program suite (41) and CNS (38) . The statistics of data collection and refinement are summarized in Table S1 . All molecular graphics figures were generated with the program Pymol (DeLano Scientific, LLC). Coordinates will be deposited in the Protein Data Bank prior to publication.
Analytical Ultracentrifugation. Sedimentation equilibrium measurements were performed using a Beckman XL-A/I analytical ultracentrifuge (BeckmanCoulter), equipped with 12mm six-cell centerpieces with sapphire or quartz windows. The proteins were dialyzed in 10 mM Tris, pH 8.0, 150 mM NaCl, 3 mM CaCl 2 at 4°C. All proteins were run at 25°C for 20 h at 7,000 rpm after which four scans at one-hour intervals were collected. Speed was then increased to 9,000 rpm for 10 h, then to 11,000 rpm for 10 h, and lastly to 13,000 rpm for 10 h, with four hourly scans taken after each period., Each protein was simultaneously run at three different concentrations, 0.70, 0.49, and 0.26 mg∕mL for detection using UV 280 nm and interference at 660 nm, and 0.13, 0.092, and 0.049 mg∕mL for UV detection at 230 nm. Solvent density and protein v-bar were calculated using the program SednTerp (Alliance Protein Laboratories). For calculation of K D s and apparent molecular weights, all data were used in a global fit, using the program HeteroAnalysis version 1.1.44, obtained from University of Connecticut (www.biotech.uconn. edu/auf).
Sequence Analysis. All cadherin domain hits from the SMART dataset (42) were aligned one by one to a reference alignment of cadherin domains using Muscle (43) . The calcium-binding motifs were found by searching for each motif in the region that aligned to that motif in the reference alignment. Specifically, we searched for DXD, DXE, and DXNDX at the appropriate positions as indicated by the reference alignment. Each of the three motifs was scored as being present, absent, or partial [if only one of the two D/E (Asp/ Glu) residues was there], allowing for D/E substitutions. Consecutive pairs of EC domains were taken to determine whether each individual motif from the two domains contributing to the interdomain Ca 2þ -binding site were present, absent, or partially present. The linker was indicated as a full calciumbinding linker if all three motifs were fully present, or if two were fully and one partially present. The linker was marked as a partial calcium-free linker if two motifs were fully present and one was missing. In all other cases, if only one motif or no motifs were fully present, the linker was marked a calciumfree linker.
